1. Introduction {#sec1-cancers-10-00257}
===============

Hypofractionated stereotactic body radiation therapy (SBRT) delivers a high-dose concentration to tumor with limited toxicity to normal structures. Due to this advantage, SBRT is commonly performed in patients with small-sized primary or oligometastatic lung tumors as a radical and minimally invasive treatment; it is also utilized in patients who are medically inoperable due to poor pulmonary function with chronic lung disease. Excellent outcomes of SBRT were recently reported for medically operable patients with stage I non-small cell lung cancer (NSCLC) \[[@B1-cancers-10-00257],[@B2-cancers-10-00257]\]. However, although SBRT is generally safe, and in most patients, has no severe adverse effects, fatal radiation pneumonitis (RP) can occasionally occur. Fatal RP shows various patterns of inflammatory shadows inside or outside of the irradiated volume, and accompanied by pulmonary edema or infection, may rapidly progress to death. Therefore, identification of risk factors after SBRT is important for identifying and managing patients who are at risk for developing RP. These risk factors, however, have not been clarified. Pretreatment pulmonary interstitial change (PIC) has been indicated as a major risk factor for severe RP after SBRT for early stage lung cancer or pulmonary oligometastases \[[@B3-cancers-10-00257],[@B4-cancers-10-00257],[@B5-cancers-10-00257]\], but the number of patients in each of these studies was small and the details of their background remain unclear. Therefore, the purpose of this study was to evaluate the treatment outcomes and determine risk factors for fatal RP after SBRT for stage I NSCLC in patients with PIC in a large database of a Japanese multi-institutional study group.

2. Results {#sec2-cancers-10-00257}
==========

A total of 242 patients in the multi-institutional SBRT study group in Japanese Radiological Society (JRS-SBRTSG) database had PIC and were treated with SBRT for stage I NSCLC. Clinical background data of the patients are shown in [Table 1](#cancers-10-00257-t001){ref-type="table"}. The median follow-up period for all patients was 23 months (range, 1--88 months). [Figure 1](#cancers-10-00257-f001){ref-type="fig"} and [Figure 2](#cancers-10-00257-f002){ref-type="fig"} show curves of overall survival (OS) and cause-specific survival (CSS), respectively. One, two, and three-year OS rates were 82.1% (95% confidence interval (CI), 76.9--87.3), 57.1% (CI, 49.8--64.5), and 42.6% (CI, 34.6--50.7), respectively. One, two, and three-year CSS were 95.9% (CI, 93.1--98.7), 78.9% (73.2--86.5), and 66.1% (57.0--75.1), respectively. [Figure 3](#cancers-10-00257-f003){ref-type="fig"}, [Figure 4](#cancers-10-00257-f004){ref-type="fig"}, [Figure 5](#cancers-10-00257-f005){ref-type="fig"}, [Figure 6](#cancers-10-00257-f006){ref-type="fig"} and [Figure 7](#cancers-10-00257-f007){ref-type="fig"} show OS according to gender (male versus female), T stage (T1 versus T2), histology (adenocarcinoma versus squamous cell carcinoma), % vital capacity (% VC) (≥70% versus \<70%), and mean percentages of normal lung volume receiving more than 20 Gy (V20) (≥10% versus \<10%). Results of univariate and multivariate analysis are shown in [Table 2](#cancers-10-00257-t002){ref-type="table"}. Univariate analysis showed statistically significant differences in % VC (≥70% versus \<70%) and V20 (≥10% versus \<10%). Multivariate analysis showed statistically significant differences in performance status (0 and 1 versus 2--4), histology (adenocarcinoma versus squamous cell carcinoma), T stage (T1 versus T2), regular use of steroid administration before SBRT, and percentages of predicted forced expiratory volume in one second (FEV1.0 (%)) (≥70% versus \<70%). Grade 3--5 and grade 5 RP occurred in 12.4% and 6.9% of patients, respectively. The incidence rates of severe RP according to the patient backgrounds are shown in [Table 3](#cancers-10-00257-t003){ref-type="table"}. It has been found that V20 ≥ 10% was a major risk factor of severe RP.

3. Discussion {#sec3-cancers-10-00257}
=============

Incidence rates in previous reports of severe RP, with and without PIC after SBRT for lung cancer, are shown in [Table 4](#cancers-10-00257-t004){ref-type="table"} \[[@B3-cancers-10-00257],[@B4-cancers-10-00257],[@B5-cancers-10-00257],[@B6-cancers-10-00257],[@B7-cancers-10-00257]\]. According to previous reports, radiation pneumonitis grade 3 and above were observed in 10--40% of patients who had PIC, and grade 5 was observed in more than 5% of these patients. Our study showed a similar incidence of severe toxicity in patients with PIC as previous retrospective reports have suggested \[[@B3-cancers-10-00257],[@B4-cancers-10-00257],[@B5-cancers-10-00257]\], and the true rates may be higher in a prospective setting.

With respect to the relationship between RP and radiotherapy planning, Yamashita et al. \[[@B8-cancers-10-00257]\] reported a high incidence of fatal RP (3 of 25 patients) after SBRT, which occurred in patients with poor respiratory function, interstitial pneumonitis (IP), and recurrence after surgery. In that study, fatal RP was reported as related to a large volume of lung parenchyma irradiated at high doses \[[@B8-cancers-10-00257]\]. Timmerman et al. \[[@B9-cancers-10-00257]\] reported a higher incidence of fatal RP after SBRT in patients whose tumors were located more centrally than peripherally. Hope et al. \[[@B10-cancers-10-00257]\] and Matsuo et al. \[[@B6-cancers-10-00257]\] found that fatal RP occurrence correlated with the volume of the higher dose region; however, Takeda et al. \[[@B11-cancers-10-00257]\] claimed that severe RP post-SBRT for lung cancer was not related to lung dose.

Acute exacerbation of IP is considered to be a critical potential complication following surgery, chemotherapy, or radiotherapy for lung malignancies \[[@B12-cancers-10-00257]\]. Takeda et al. reported acute exacerbation of subclinical idiopathic pulmonary fibrosis triggered by SBRT in a patient with slight focal honeycomb changes of the lung, and argued that attention must be paid to the presence of co-morbid IP, even if it is minimal \[[@B13-cancers-10-00257]\].

Although the PIC is highly predictive of progressive RP, not all cases of PIC result in RP. Risk factors that can predict the development of severe RP include indicators of pulmonary function, dose-volume-fraction, serum biomarkers, such as KL-6, and single nucleotide polymorphism at rs1982073:T869C of the TGF beta 1 gene \[[@B14-cancers-10-00257],[@B15-cancers-10-00257]\].

In regard to the incidence of severe RP, the fact that V20 more than 10% was the most outstanding risk factor in the current study indicated that a larger irradiated volume would also be a major risk factor. Patients with clinical T2 stage cancer were also one of subgroups with a high incidence of severe RP in the current study, which appeared to be due to a larger tumor size, resulting in higher V20. Higher dose-concentrated irradiation methods, such as deep-inspired breath-hold technique \[[@B16-cancers-10-00257]\] or particle therapy, may be useful for sparing the background lung from high radiation doses \[[@B17-cancers-10-00257]\].

There was a significant difference in OS according to FEV1.0 (%), which could be due to a lower pulmonary compliance, resulting from advanced lung fibrosis, which could then cause progressive respiratory failure.

In this study, the incidence of severe RP was high in the subgroup of patients with adenocarcinoma. The reason for this was unknown, but despite high incidence rates, OS of this group was generally good. One reason for the good prognosis of this group might be that some of these patients had early well-differentiated adenocarcinoma, such as adenocarcinoma in situ or minimally invasive adenocarcinoma, of which prognosis is generally very good \[[@B18-cancers-10-00257]\].

Sato T et al. reported that the incidence of fatal acute exacerbation occurred after resection of lung cancer in patients with interstitial lung disease at a rate of 4.0%, and the surgical procedures, male sex, history of exacerbation, preoperative regular use of steroid use, serum sialylated carbohydrate antigen KL-6 levels, usual interstitial pneumonia appearance on computed tomography scan, and reduced percentage of predicted vital capacity were identified as risk factors of acute exacerbation \[[@B19-cancers-10-00257]\]. The rate of fatal RP was lower than the incidence of fatal RP after SBRT according to our results (6.9%). However, more than three quarters of the patients were inoperable in our study, as shown in [Table 1](#cancers-10-00257-t001){ref-type="table"}, and the background of the patients would be different in these two studies. Therefore, it is difficult to conclude which modality is safer as a radical treatment for stage I NSCLC patients with PIC.

Our study has some limitations. First, this is a retrospective study without unified criteria nor central review for the judgment of medical operability, PIC, and fatal RP. Secondly, calculation algorithms and prescription points were different among institutions; therefore, the dose-volume histogram of the normal lung was not standardized. Thirdly, disease progression may have had an additional effect on the cause of death in some patients with fatal RP. Therefore, it was difficult to demonstrate a true incidence of death related to fatal RP. Finally, we did not include other possible risk factors, such as detailed pulmonary function, dose-volume-fraction, and serum biomarkers, such as KL-6, in our analysis, because there were too many missing values. A future prospective multicenter study with a larger cohort is needed to validate the relationship between the PIC and severe radiation pneumonitis.

4. Materials and Methods {#sec4-cancers-10-00257}
========================

We used a retrospective multi-institutional study design, which was approved by the institutional review board of the University of Yamanashi Hospital (approval number 961, 19 July 2012) and opt outed in each of the institutions. The study was conducted in accordance with the Declaration of Helsinki. We organized a JRS-SBRTSG, and conducted studies of SBRT for primary or oligometastatic cancer in various organs, but primarily in the lung. The original JRS-SBRTSG database included data of more than 2000 patients for the study of SBRT for stage I NSCLC from 20 institutions. A board-certified thoracic radiologist in each institution examined the CT images of these patients to determine the presence of PIC and emphysema. At least one finding of ground glass opacities, reticular, small nodular, reticulonodular patterns, and honeycombing on thin-slice computed tomography (CT) images at time of SBRT were required to diagnose the PIC. TNM staging was decided according to the criteria of the Union for International Cancer Control (UICC) version 7. Medical operability for standard lobectomy with ipsilateral hilar and mediastinal lymph node dissection was judged according to each institution's criteria.

SBRT techniques and dose calculation methods differed among institutions. The gross target volume (GTV) was delineated on CT images using a lung window-level setting. The clinical target volume (CTV) enlarged the GTV by 0--5 mm as judged by the individual radiation oncologist. The internal margin was calculated and set at 2--5 mm around the CTV according to the individual measurements for respiratory motion determined at each institution. The internal margin caused by respiratory motion was reduced by gating, tracking, the breath-hold technique, or abdominal compression. The planning target volume (PTV) comprised the CTV, a proper internal margin measured for each patient, and a 5-mm safety margin. The irradiated port marginally exceeded the PTV by 3--5 mm to secure the surface dose of the PTV. Dose calculation was mainly performed using the Clarkson or superposition algorithm with heterogeneity correction. A total dose of 40--70 Gy (mean, 58.7 Gy) was delivered mainly at the isocenter, but in some cases, at the periphery of the PTV in 4--10 fractions during 4 to 25 days with 6 MV X-rays. Typical dose/fractionation schedules were 48 Gy in four fractions. The median calculated biological effective dose (BED) was 105.8 Gy (range, 76.8--134.4 Gy) based on alpha/beta = 10.

OS, CSS, and prognostic factors for OS were analyzed. Examined candidates of prognostic factors were gender, age (≥80 years versus \<80 years), performance status (0 and 1 versus 2--4), pathology (adenocarcinoma versus squamous cell carcinoma), T stage (T1 versus T2), medical operability, smoking history, pulmonary emphysema, regular use of steroid before SBRT, % VC (≥70% versus \<70%), FEV1.0 (%) (≥70% versus \<70%), BED (≥100 Gy versus \<100 Gy), and V20 (≥10% versus \<10%). Incidence rates of severe RP were calculated according to patient backgrounds.

Survival rates were calculated using the Kaplan-Meier method. Statistical differences were calculated with a log-rank test in univariate analysis and Cox proportional hazards model in multivariate analysis. Differences were judged as statistically significant for *p* \< 0.05. All statistical analyses were performed using Statview software (SAS, Cary, NC, USA).

5. Conclusions {#sec5-cancers-10-00257}
==============

Fatal radiation pneumonitis was identified in 6.9% of 242 patients with PIC after SBRT for stage I lung cancer, and one, two, and three-year overall survival rates were 82.1%, 57.1%, and 42.6%, respectively. V20 more than 10% was a major risk factor of severe RP. All possible risk factors should be considered in determining patients that may be at risk for radiation pneumonitis. A prospective multicenter study is mandatory to validate true predictive factors.
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cancers-10-00257-t001_Table 1

###### 

Clinical backgrounds of the patients.

  -------------------------------------------- ------------------------------------------------
  Total patients number                        242
  Gender                                       Male: 214, Female: 28
  Age                                          55--92 (median: 77) y.o
  Performance status (ECOG)                    PS 0, 1, 2, 3, 4, NA \* = 99, 114, 20, 2, 0, 7
  Histology                                    squamous cell cancer: 92
  adenocarcinoma: 77                           
  unspecified non-small cell lung cancer: 18   
  unproven: 55                                 
  Tumor size                                   3--50 mm (median: 27 mm)
  T stage (7th UICC)                           T1, T2 = 160, 82
  Medical operability                          operable:54, inoperable:175, NA \*: 13
  Smoking history                              (+): 153, (−): 25, NA \*: 64
  Pulmonary emphysema                          (+): 87, (−): 118, NA \*: 37
  Steroid administration before SBRT           (+): 20, (−): 174, NA \*: 50
  \% vital capacity (% VC)                     45.6--150.6% (mean: 91.9%)
  FEV1.0% \*\*                                 37.1--97.1% (mean: 67.9%)
  SBRT dose                                    40--70 Gy in 4--10 fractions
  V20 \*\*\*                                   1.1--21.7% (mean: 6.6%)
  -------------------------------------------- ------------------------------------------------

\* NA: not assigned; \*\* FEV1.0%: percentage of predicted forced expiratory volume in one second; \*\*\* V20: rate of the volume irradiated with 20 Gy or more to the normal lung volume. (+): present; (−): absent.

cancers-10-00257-t002_Table 2

###### 

Univariate \* and multivariate \*\* analysis for OS (*p* value).

  Variables (If Significant, Left Was Better)      Univariate   Multivariate
  ------------------------------------------------ ------------ --------------
  Female vs. Male                                  0.26         0.03
  Age \<80 years vs. ≥80 years                     0.69         0.88
  Performance status 0,1 vs. 2,3,4                 0.50         0.03
  Adeno ca vs. Squamous cell ca                    0.07         \<0.01
  T1 vs. T2                                        0.22         0.01
  Medical operable vs inoperable                   0.44         0.92
  Smoking history (−) vs. (+)                      0.33         0.10
  Pulmonary emphysema (−) vs. (+)                  0.24         0.13
  Steroid administration before SBRT (−) vs. (+)   0.49         \<0.01
  \% vital capacity (% VC) ≥70% vs. \<70%          0.02         0.60
  FEV1.0% \*\*\* ≥70% vs. \<70%                    0.98         \<0.01
  Biological effective dose ≥100 Gy vs. \<100 Gy   0.13         0.90
  V20 \*\*\*\* \<10% vs. ≥10%                      0.03         0.13

\* Calculated using the Kaplan Meier's method and log-rank test; \*\* Calculated using the Cox's proportional hazard model; \*\*\* FEV1.0%: percentage of predicted forced expiratory volume in one second; \*\*\*\* V20: rate of the volume irradiated with 20 Gy or more to the normal lung volume. (+): present; (−): absent.

cancers-10-00257-t003_Table 3

###### 

Incidence of severe radiation pneumonitis according to patient backgrounds.

  Patient Factors                                  Grade 3--5        Grade 5
  ------------------------------------------------ ----------------- ----------------
  Female vs. Male                                  12.1% vs. 15.4%   11.5% vs. 6.3%
  Age \<80 years vs. ≥80 years                     13.2% vs. 11.2%   6.9% vs. 6.7%
  Performance status 0,1 vs. 2,3,4                 10.7% vs. 25.0%   6.8% vs. 5.0%
  Adeno ca vs. Squamous cell ca                    14.9% vs. 11.0%   9.5% vs. 5.5%
  T1 vs. T2                                        11.6% vs. 10.7%   6.2% vs. 5.3%
  Medical operable vs. inoperable                  5.7% vs. 15.5%    5.7% vs. 7.7%
  Smoking history (−) vs. (+)                      13.0% vs. 12.8%   8.7% vs. 6.1%
  Pulmonary emphysema (−) vs. (+)                  11.5% vs. 16.7%   7.1% vs. 9.5%
  Steroid administration before SBRT (−) vs. (+)   12.6% vs. 21.1%   7.8% vs. 5.3%
  \% vital capacity (%VC) ≥70% vs. \<70%           5.3% vs. 12.0%    5.3% vs. 5.3%
  FEV1.0% \* ≥70% vs. \<70%                        9.9% vs. 13.4%    4.2% vs. 6.0%
  Biological effective dose ≥100 Gy vs. \<100 Gy   11.8% vs. 16.7%   6.9% vs. 6.7%
  V20 \*\* \< 10% vs. ≥10%                         11.1% vs. 29.4%   6.0% vs. 28.6%

\* FEV1.0%: percentage of predicted forced expiratory volume in one second; \*\* V20: rate of the volume irradiated with 20 Gy or more to the normal lung volume. (+): present; (−): absent.

cancers-10-00257-t004_Table 4

###### 

Frequency of radiation pneumonitis post SBRT for lung cancer according to presence of pulmonary interstitial change.

  Pulmonary Interstitial Change          Author \[Ref.\]                        Study Design       Patient Number                Dose/Fraction   Grade of Radiation Pneumonitis   Frequency                                                                     Risk Factor
  -------------------------------------- -------------------------------------- ------------------ ----------------------------- --------------- -------------------------------- ----------------------------------------------------------------------------- -------------
  No pulmonary interstitial change       Yamaguchi \[[@B3-cancers-10-00257]\]   Retrospective      86                            48 Gy/4 fr      4--5                             0.00%                                                                         
  Ueki N \[[@B4-cancers-10-00257]\]      Retrospective                          137                48--60 Gy/4--8 fr             3--5            1.40%                                                                                                          
  Yoshitake \[[@B5-cancers-10-00257]\]   Retrospective                          242                48 Gy/4 fr                    3               1.20%                                                                                                          
  4--5                                   0.00%                                                                                                                                                                                                                  
  Matsuo Y \[[@B6-cancers-10-00257]\]    Retrospective                          74                 48 Gy/4 fr                    3               10.60%                           V25                                                                           
  4                                      1.90%                                                                                                                                                                                                                  
  Nagata Y \[[@B7-cancers-10-00257]\]    Prospective                            104 (inoperable)   48 Gy/4 fr                    3               6.20%                                                                                                          
  65 (operable)                          48 Gy/4 fr                             3                  3.60%                                                                                                                                                        
  With pulmonary interstitial change     Yamaguchi \[[@B3-cancers-10-00257]\]   Retrospective      16                            48 Gy/4 fr      3                                6.30%                                                                         V5--25, MLD
  4                                      6.30%                                                                                                                                                                                                                  
  5                                      6.30%                                                                                                                                                                                                                  
  Ueki N \[[@B4-cancers-10-00257]\]      Retrospective                          20                 40--60 Gy/4--8 fr             3--5            10.00%                                                                                                         
  Yoshitake \[[@B5-cancers-10-00257]\]   Retrospective                          18                 48 Gy/4 fr                    3               16.70%                           KL-6, V5, V10, MLD                                                            
  4--5                                   22.30%                                                                                                                                                                                                                 
  This study                             Retrospective                          242                Various (mainly 48 Gy/4 fr)   3--5            12.40%                           \% VC, FEV1.0 (%), Squamous cell ca., V20, PS, T stage, steroid before SBRT   
  5                                      6.90%                                                                                                                                                                                                                  

Vx: rate of the volume irradiated with x Gy or more to the normal lung volume; MLD: mean dose of normal lung.
